Abstract. To obtain the resonance parameters in a single energy range up to 2.5 keV neutron energy and the corresponding covariance matrix, a reevaluation of 239 Pu was performed with the analysis code SAMMY. The most recent experimental data were analyzed in the energy range thermal to 2.5 keV. The experimental data were renormalized, aligned on a common energy scale, and corrected for residual background. Average neutron transmission and cross sections calculated with the new resonance parameters were compared to the corresponding experimental data and to ENDF/B-VI.
Introduction
The last evaluation of 239 Pu resonance parameters [1] [2] [3] [4] was released in 1993 and was adopted in ENDF/B-VI, JEFF, and JENDL. The evaluation was performed in three uncorrelated energy ranges: 0 to 1 keV, 1 to 2 keV, and 2 to 2.5 keV. Because of the difficulties of handling large covariance matrices and of inadequate formats in the processing codes, the resonance parameter covariance file was not given at this time. Recently [5] , advancements made at Oak Ridge National Laboratory (ORNL) have allowed the treatment of large covariance matrices by using faster and larger computers with the improved version of SAMMY [6] . The evaluation performed at ORNL between 1985 and 1990 [1] [2] [3] relied, for the fission cross section, on the 1984 measurement of Weston et al. [7] which was, on average 3% lower than the ENDF/B-VI standard cross sections [8] in the energy range 0.1 keV to 1.0 keV. New measurements were performed by Weston in 1991 [9] at ORNL and by Wagemans in 1993 [10] at Geel Linear Accelerator (GELINA), confirming the ENDF/B-VI standard values. The resonance parameters released in 1993 were slightly modified to take into account the need of a renormalization of earlier fission data, but a complete analysis of the new fission data was not undertaken. In the present work, the SAMMY analysis of an updated experimental data base is performed. A single set of resonance parameters and a complete resonance parameter covariance matrix is obtained in the neutron energy range thermal to 2.5 keV.
The experimental data base
Most of the experimental data used in the present evaluation were taken at the Oak Ridge Electron Linear Accelerator (ORELA) between 1971 and 1993 by Gwin et al. [11] [12] [13] for the fission and capture cross sections, by Weston et al. [7, 9, 14] for the fission cross sections and by Harvey et al. [15] for the neutron transmissions. These data cover the energy range 0.01 eV to 2.5 keV. The high resolution of Harvey transmission a Presenting author, e-mail: LarsonNM@ornl.gov data [15] and of Weston 1988 [14] fission data allowed the resonance analysis to be performed in the energy range up to 2.5 keV. The fission cross section measurements performed by Wagemans et al. [16, 17] at GELINA were used for normalization purposes. The only total cross sections available for the analysis in the thermal energy range were those from the measurement performed by Bollinger in 1956 [18] . The ORELA transmission data of Spencer et al. [19] , which were used in earlier evaluations, were not available for the present evaluation.
The fission measurements, which include the thermal energy range, can be normalized on the standard cross sections at the neutron energy of 0.0253 eV. That is the case of Gwin 1971 Gwin , 1976 Gwin , and 1984 Wagemans 1988 and 1993 data; and Weston 1993 data. The other measurements, Weston 1984 and Weston 1988, should be normalized in an energy range overlapping with a measurement normalized at 0.0253 eV. The normalization performed by Weston in 1984 and 1988 gave average fission cross sections 3% to 4% smaller than the values recommended by the ENDF/B-VI standard committee in the energy range 100 to 1000 eV. The purpose of the fission measurement performed by Weston in 1993 was to accurately determine the shape of the fission cross section down to 0.0253 eV in order to obtain a more accurate normalization for previously reported ORELA fission cross section measurements. The results indicate that 3% higher normalization should have been used for the 1984 and 1988 data. At the same time, new measurements were also performed at GELINA by Wagemans et al. [17] to address the ORELA data discrepancy. Two different experiments were performed using different techniques. Wagemans obtained the value of 9277 b.eV for the fission integral in the energy range 100 eV to 1000 eV, which confirmed the renormalized results of Weston [9] , at only 0.6% below the ENDF/B-VI standard.
After renormalization, adjustment of the neutron energy on the same energy scale, and some residual background corrections, a consistent experimental data base was obtained suitable for a sequential SAMMY analysis in the energy range 0.01 eV to 2.5 keV. The experimental parameters (Doppler and resolution broadening parameters, etc.) were taken from the earlier evaluation.
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Results of the analysis
The three independent sets of resonance parameters of ENDF/B-VI were merged in a single set by suppressing the external resonances in the inner boundaries of the sets, keeping only the external negative resonances and the external resonances above 2.5 keV. Because the three sets were obtained from uncorrelated evaluations, it was not expected that the single set could fit accurately the experimental data. A new set of external resonance parameters was evaluated from preliminary SAMMY fits of Harvey neutron transmission [15] . The effective scattering radius R = 9.41 fm was kept from the previous evaluation. The final SAMMY analysis was performed in three stages in the energy range 0.01 to 7 eV, 7 to 100 eV, and 0.1 to 2.5 keV, respectively. In each stage the neutron cross sections and transmissions were calculated with the entire set of parameters. The prior values of the first stage were those of the single set deduced from ENDF/B-VI with new external resonance parameters as explained above. The experimental data base contained a total number of 110696 measured values, and the χ 2 value corresponding to the final set of resonance parameters was 1.31 per data point. The new set of resonance parameters contains 1030 s-wave resonances for the representation of the cross sections in the energy range 0 to 2.5 keV.
The cross sections at 0.0253 eV calculated with the resonance parameters are compared to other results in table 1. If needed, small variations of these cross sections can be obtained by small variations of the parameters of the resonance at −4.4 eV; a variation of 0.1% of the capture cross section is obtained by a variation of 0.9% of the capture width, with negligible effect on the fission cross section; a variation of 0.1% of the fission cross section is obtained with a variation of 0.37% of the neutron width, with very small effect on the capture cross section.
An example of SAMMY fit of the fissions cross section is displayed in figure 1 . The average fission cross sections calculated with the resonance parameters in selected energy ranges are compared to ENDF/B-VI and to the experimental data in tables 2 and 3. As expected, the differences between the present evaluation and ENDF-VI are small. The new fission resonance integral is 302.53 b compared to the values of 302.56 b in ENDF/B-VI and 303 ± 20 b recommended by Mughabghab [20] .
The average capture and absorption cross sections calculated with the resonance parameters are compared to ENDF/B-VI and to the experimental values in tables 4 and 5. In the thermal energy range, up to 0.7 eV, results of the Gwin measurements and the calculated cross sections are in very good agreement. Between 0.7 eV and 100 eV, the Gwin average cross sections are significantly larger, which is likely of ENDF/B-VI above 2.5 keV. This is to be compared with the value of 181.54 b for ENDF/B-VI and the value of 180 ± 20 b recommended by Mughabghab [21] .
The resonance parameter covariance file
The calculation of the resonance parameter covariance matrix was performed by a single SAMMY run in the energy range 0.01 eV to 2.5 keV, including sequentially all the experimental data, with variation of all the resonance parameters. The analysis used the PUP option of SAMMY that allows taking into account systematic errors in the experimental data (the important contributors being the experimental normalization and background). The calculation was time-consuming and needed large computer memories and storage, because of the handling of matrices of about 10 6 elements. The resonance parameter covariance file is used to calculate the covariance matrix of the group cross sections. The calculation can be performed by SAMMY or by the processing codes PUFF-IV [22] and ERRORJ [23] . Actually, the uncertainties calculated for the group cross sections are still small, the systematic uncertainties of about 0.5 b in the experimental data. Furthermore, because of the interference effects in the fission channels, the calculated cross sections in this energy range depend strongly on the parameters of the bound levels. Differences as large as 0.5 b are found in cross sections calculated with sets of bound levels fitting accurately the cross sections at 0.0253 eV. This region contributes about 4% to the resonance capture integral.
Conclusion
The goal of the present work was to create a full resonance parameter covariance matrix for 239 Pu in the resolved resonance region 0 to 2.5 keV, to be used in group cross section calculations for various applications. This work took advantage of advances made in SAMMY for the treatment of large covariance matrices and of the creation of new ENDF formats for the use of these matrices in nuclear data processing codes. Because the previous ENDF/B-VI resonance parameter evaluation was performed in three uncorrelated energy ranges not convenient for the creation of a resonance parameter covariance matrix in the entire resolved energy range, the evaluation needed to be revised. For this reevaluation, the experimental data base was updated according to the most recent work on the fission cross section standard. The cross sections calculated with the new set of resonance parameters are, as expected, very similar to those calculated with ENDF/B-VI.
